Inter-or intramolecular distances of biomolecules can be studied by Förster resonance energy transfer (FRET). For most FRET methods, the observable range of distances is limited to 1-10 nm and the labeling efficiency has to be controlled carefully to obtain accurate distance determinations, especially for intensity-based methods. In this study, we exploit the triplet state of the acceptor fluorophore as a FRET readout using fluorescence correlation spectroscopy and transient state monitoring. The influence of donor fluorescence leaking into the acceptor channel is minimized by a novel suppression algorithm for spectral bleedthrough, thereby tolerating a high excess (up to 100 fold) of donor-only labeled samples. The suppression algorithm and the high sensitivity of the triplet state to small changes in the fluorophore excitation rate make it possible to extend the observable range of FRET efficiencies by up to 50 % in the presence of large donor-only populations. Given this increased range of FRET efficiencies, its compatibility with organic fluorophores and the low requirements on the labeling efficiency and instrumentation, we foresee that this approach will be attractive for in-vitro and in-vivo FRET-based spectroscopy and imaging.
Introduction
During Förster (or fluorescence) resonance energy transfer (FRET), energy is transferred via a non-radiative dipole-dipole interaction from a donor (D) to an acceptor (A) molecule in a strongly distance-dependent manner. This has made FRET a widely used method to determine inter-or intra-molecular distances in the range of typically 1-10 nm. 1 Techniques for FRET estimation can be divided into those applicable to conventional microscopes (intensity-based) and techniques that require dedicated instrumentation (e.g. time-resolved; fluorescence lifetime imaging microscopy (FLIM), single molecule measurements).
The most popular intensity-based approach is steady-state monitoring of the D and Aemission upon D-excitation. [2] [3] [4] [5] Due to the spectral overlap of D and A, the detected A-signal is influenced by D-emission leaking into the A-channel and direct excitation of A. As a result of the spectral bleed-through, additional control measurements have to be acquired of D-and A-emission for D-only and A-only labeled samples. For most intensity-based approaches, the apparent FRET efficiency can be affected by incompletely labeled FRET pairs, which exist to a substantial amount in most FRET experiments. Therefore, careful calibration measurements are necessary to control the labeling efficiencies and the relative concentrations of D and A.
FLIM is a robust but technically challenging method for FRET estimation. 6 trajectories of low-FRET species and D-only labeled species, a threshold has to be applied on the detected acceptor signal that often cuts off signals originating from FRET efficiencies < 10 %. On the other hand, by analyzing multiple parameters (e.g. intensity, lifetime, anisotropy) from individual molecules simultaneously, smMFD can reach a high precision and accuracy in the FRET measurements, identify unspecific quenching effects and distinguish between D-and/or A-labeled specimen. [7] [8] [9] An alternative method to detect low FRET efficiencies in cell-free systems is luminescence resonance energy transfer (LRET), which uses lanthanides as donors. 10, 11 Due to the long lifetime (ms) of lanthanides, the large Stokes shift and Förster radii up to 9 nm, LRET efficiencies can be determined over a wide range of distances (1-14 nm). However, a wider applicability to cell measurements has to date been limited due to the lack of suitable bright and photo-stable lanthanide complexes and difficulties to specifically attach these probes to proteins or subcellular structures. 12 In addition, LRET measurements require a modulated, high intensity UV excitation source and a time-gated detection rarely offered by standard microscopes.
In this study, we present an approach for FRET efficiency estimation that exploits the triplet state of the A-fluorophore. The triplet state population of any fluorophore is sensitive to its excitation rate, independent of whether the fluorophore is excited directly or via FRET.
For low FRET efficiencies, also small absolute changes in E, and thus also of the excitation rate of A, can strongly influence the population of the A-triplet state due to its relatively long lifetime (μs). This makes it possible to distinguish between low FRET efficiencies generated from D-A distances of more than 10 nm, also when standard organic fluorophores are used.
The approach is demonstrated by determining FRET efficiencies of DNA samples labeled with the fluorophores ATTO 488 and Alexa Fluor 610. First, we present the basic principle of the method by using fluorescence correlation spectroscopy (FCS) to monitor the A-triplet state. In a second step, we look into the possibility of applying FRET-triplet state 5 measurements to a broader range of microscopic techniques. This is done by adapting the recently developed transient state (TRAST) monitoring technique to the FRET-triplet state measurements. [13] [14] [15] In TRAST, the A-triplet state is deduced by modulating the excitation of D in a well-defined on-off fashion and detecting the A-fluorescence for different pulse settings. The same kind of on-off modulation can be obtained by scanning a laser beam over the image region with different scanning speeds. 16 This indicates that our approach can determine the A-triplet state, and hence FRET efficiencies, in a wide range of microscopy settings, including confocal laser scanning microscopy and fluorescence-based plate-readers. T , but not to the radical state of A. 19 For the donor, the fluorescence decay rate is substituted with
, while the excitation rate of A is replaced by Fig. 1) 
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FRET efficiencies E can be calculated from the FRET rate by 
 
The intrinsic fluorescence fluctuations, δF, of   t F under a constant excitation intensity
can be described by the autocorrelation function G(τ).
Here, G(τ) is shown for one diffusing species and n different independent dark states   In the FCS analysis, A and D are described by a three state model of S 0, S 1 and T 1 and the resulting triplet state rates ISC k and T k can be derived from the average triplet state population T and the corresponding relaxation time T  as described in 22 .
The A-triplet state is dependent on the A-excitation rate, which in turn is proportional to the FRET efficiency. Therefore, the A-triplet state parameters, has been applied previously to determine triplet and radical state properties of fluorophores. [14] [15] [16] In TRAST, the excitation intensity is modulated in an on-off fashion while recording the time-averaged fluorescence response. During each excitation pulse, the triplet and radical state populations build up over time, leading to a decrease in fluorescence. By investigating the change in average fluorescence for different pulse widths and/or pulse periods, the populations of non-fluorescent states can be monitored.
TRAST is applied as described by Spielmann et al. 15 but in a confocal instead of a total-internal-reflection microscope setting. The Gaussian-Lorentzian excitation profile is approximated by a rectangular homogenous excitation profile yielding the same overall exciation power:
k is the averaged excitation rate contributing to the fluorescence   t F , where   t F is integrated over the focal spot as described in Eq. 5. This approximation has been used previously for FCS measurements 20, 23 and allows extracting reasonable estimates of triplet parameters from TRAST measurements while simplifying the analysis substantially.
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The time-resolved fluorescence response, ) (t F , during a given excitation pulse can then be calculated by solving the rate equations of Eq. 1 for the excited singlet state population,   t S 1 . The duty cycle, which is the ratio of the pulse width to the pulse period, was kept low to limit bleaching and depletion effects. 15 A low duty cycle also ensures that the system has completely relaxed at the onset of every new pulse in the pulse train (i.e. all molecules then reside in S 0 ). As the singlet, triplet and redox kinetics are well separated in time (ns, µs and ms), they can be treated independently. Moreover, the singlet state kinetics are generally too fast to be resolved by the present instrumentation. Therefore, for any individual fluorophore, the average fluorescence emitted during a pulse of width w can be approximated by:
In Eq. 8, ISC k denotes the equivalent intersystem crossing from the two singlet states (S 0 and S 1 ) to the triplet state T 1 and ox k the equivalent oxidation rate from T 1 to the radical state
Moreover, in Eq. 
Materials and Methods

FCS.
Measurements were performed on an epi-illuminated confocal microscope (Leitz). 25 The processed by a correlator (ALV-5000, ALV GmbH, Langen, Germany) and then further analyzed using custom software. The oxygen concentration in the buffer solution was strongly reduced by applying a flow of argon over the sample droplet.
TRAST measurements. The instrumentation was based on a previously described set-up for total internal reflection fluorescence microscopy, here used in a confocal setting. 
Results
Effects of potassium iodide on the FRET pair.
The triplet state population of an individual fluorophore strongly depends on the excitation rate, no matter how the fluorophore is excited (Eq. 7). Hence, when an acceptor is Apart from addition of KI, oxygen can be removed from the buffer solution to increase the FRET-sensitivity of A-triplet state measurements (Fig. 3, inset) . Oxygen is known to promote the triplet state transitions, in particular the relaxation from T 1 to S 0 . Hence, removal of oxygen from the buffer typically leads to an increase in the triplet state population of the dye.
When applying 5 mM KI and diminishing the oxygen concentration in the buffer, the effect of KI on the dyes predominated: . Hence, the D-triplet state population was found to remain low while the Atriplet state population was found to clearly increase upon low oxygen concentrations. From
Eq. 7 it follows that differences in low excitation rates then lead to larger absolute differences 
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Here, Q is defined as the ratio of the detected D-fluorescence to the A-fluorescence. 
FRET efficiencies determined by TRAST.
Sequentially, the donor was excited with ~ 50 different pulse trains whose pulse widths, w, were varied between 100 ns and 10 ms. The pulse height (e.g. the laser intensity) and the pulse train duration were kept constant (I exc between 30 and 80 kW/cm 2 and camera exposure times between 4 and 10 s) at a duty cycle of 1 %. For each w, the corrected Afluorescence images were integrated over a circular region (Ø 1.5 μm) in the center of the laser focus. After every fourth pulse train, a calibration measurement was taken at the shortest pulse width to account for concentration changes in the sample. increased. As can be seen in Fig. 7 , the influences of both phenomena on D F largely cancel each other out. However, at low E, the first process slightly dominates, whereas at higher E, the effect of the
F is more prominent.
The effect of A-transient states is much more prominent on the A F curve than on the D F curve (Fig. 7) . Thus, especially for low FRET efficiencies, A F is more sensitive to FRET and hence more suitable as a read-out parameter for FRET determination by TRAST.
Determination of FRET efficiencies. FRET efficiencies were calculated by fitting The obtained fits were in good agreement with the experimental data (Fig. 7) . The obtained redox rates ( The FRET efficiencies computed from TRAST measurements were in good agreement with FRET efficiencies obtained from FCS and from the DNA model (Fig. 6 ).
For the TRAST measurements, the error-margins in Fig. 6 were calculated by propagating the 95 % confidence interval obtained by curve fitting Eq. 8 and 9 to the computed A F and by assuming 5 % uncertainty in the laser power measurement.
FRET efficiencies determined by D-lifetime measurements.
For comparison, D-lifetime measurements were also performed using time correlated demonstrated by FRET-FCS measurements using the trans-cis isomerization kinetics of the cyanine dye Cy5 as a readout. 30 One advantage of exploiting the triplet state kinetics instead, as done in this study, is that this state is inherent to practically all organic fluorophores, which thus broadens the choice of available A-dyes. In addition, because of an additional spectral correction used to compensate for D-bleed-through, also FRET pairs with higher spectral overlap and possibly larger Förster radii can be applied. This should make it possible to observe D-A distances even beyond 15 nm. In this study, KI was used to suppress the Dtriplet state and increase the sensitivity of the A-triplet state. The same effect can be obtained by using an A with a pronounced triplet state build-up. 31 In this case, the excitation intensities can be reduced in order to avoid a D-triplet state build-up. The resulting decreased molecular brightness of A is not an issue for the TRAST method as it can be compensated for by using higher concentrations or longer acquisition times.
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The results also predict that the technique is applicable to imaging using a standard laser scanning microscope or a wide-field microscope equipped with a time-modulated excitation. As a proof of principle, we have performed TRAST measurements in a one point modus. The presented TRAST method showed that accurate FRET efficiencies could be calculated by modulating the excitation light in an on-off fashion using an AOM. However, the same kind of on-off modulation can also be obtained by scanning a laser beam over the sample and taking images with different scanning speeds, which result in different pixel dwell times. 16 Therefore, the same theory and data analysis that has been developed here can be applied for both TRAST concepts, independent of the experimental realization used. The FRET D-lifetime measurements, presented in this study, were performed for optimal labeling conditions (ideally each D has an A). Given this, we were able to distinguish also low FRET efficiencies from each other ( 19 , we did not observe dimerization (no shift in the absorption and emission spectra of the fluorophores bound to dsDNA). However, in the FCS measurements, we did observe a strongly reduced molecular brightness of A for the 10 ∆bp sample in comparison to the 15 ∆bp sample. This reduced molecular A-brightness can, at least partially, be attributed to a strong bleaching of Alexa 610 due to the high FRET rate and simultaneous direct laser excitation. This is in analogy to a previous study 29 , where the photobleaching of red fluorophores was increased in the presence of a blue-shifted excitation outside of the excitation spectrum of the fluorophores. Hence, the population of higher excited states and consecutive bleaching from those states may be an underlying mechanism.
The multi-exponential decay in our D-lifetime measurements suggests additional k . 22 This is reflected in the apparently decreased diffusion times observed in the correlation curves for higher excitation rates and indicates bleaching and thus depletion of singlet state fluorophores in the center of the focus. In TRAST, on the other hand, lower excitation intensities were used than for FCS. In addition, 29 over the course of the whole pulse train a small fraction of A will bleach away that will be larger for longer pulse widths than for shorter pulse widths. As the diffusion of the DNA strands is quite slow, the bleached fluorophores will not totally renew within the off periods of the light modulation. This will lead to an apparently larger A-triplet fraction and therefore to an overestimation of A ISC k . In order to obtain absolute FRET efficiencies using FCS or TRAST, it is thus recommended to calibrate the A-triplet rates for a given FRET pair by using a reference sample with known FRET efficiency. Very often however, only relative distances are to be measured, and these are very well reflected in the A-triplet state population without the need of an additional calibration step.
In conclusion, A-triplet state measurements provide a powerful tool to investigate long range FRET efficiencies. Combined with a novel suppression algorithm for spectral bleedthrough, the technique estimates accurately even low FRET efficiencies ≤ 5 %, a FRET regime where donor lifetime or intensity based measurements are usually biased by D-only labeled specimen or by additional energy transfer processes. We predict that the approach will prove useful also on conventional laser scanning microscopes and wide-field microscopy settings. 38 TOC Image:
